Spectral information evaluation of the recently proposed multiplepulse-position modulation (MPPM) scheme with variable Hamming weight is presented, its spectral properties being considered for the first time. In this sense, an original analytic expression for the power spectral density is obtained, including the continuous and discrete components of the spectrum, particularised for different code rates using Gaussian pulses with reduced duty cycle. Obtained results provide important considerations in the design of practical rateadaptive optical wireless communications.
Introduction: In wireless optical communication systems, specially those based on diffuse link configurations, rate-adaptive transmission schemes are preferred in order to make communication suitable in adverse channel conditions, depending on the available SNR until a sufficiently low error probability can be attained [1] . Although conventional pulse-position modulation (PPM) has been widely reported in the literature, recently a multiple PPM (MPPM) technique has been proposed in wireless optical systems in order to reduce the average optical power transmitted [2] , such as the n k -PPM technique [3] , the spectral evaluation of which was described in [4] . In previous work by the present authors a novel rate-adaptive transmission scheme using block coding of variable Hamming weight was presented. This coding scheme is based on the MPPM modulation technique, where codewords with different Hamming weight are allowed (vw-MPPM), including the all-zero one and providing better performance in terms of bit error rate (BER) if compared with other transmission methods, specially with Infrared Data Association (IrDA) standards [5, 6] . In this Letter the spectral evaluation of the vw-MPPM coding method is presented, using codeword correlation matrices to obtain an expression of the power spectral density in terms of continuous and discrete spectrum [7] . As proposed in [8] , the Gaussian pulse shape with reduced duty cycle has been used in the analysis as an alternative to conventional rectangular pulses.
Spectral characterisation: For a block code with rate k=n defined by the coded alphabet C N as shown in [6] , the optical signal transmitted can be specified by the following expression:
where c i ( j) is the jth symbol of the ith coded frame given by the row vector c i , T b and T n ¼ nT b are the bit and codeword period, respectively, and p(t) is the Gaussian pulse shape defined by
where s defines the pulse width within the bit period and P peak is the peak optical power of the pulse. In block codes, the stationarity of the input data only assures the stationarity of the output codeword sequence, where the coded signal is a cyclostationary process with period T n . In this sense, the procedure to obtain the power spectral density is described in [7] , where the spectrum, in terms of continuous and discrete components, is described as
where f n ¼ 1=T n and P( f ) is the Fourier transform of the Gaussian pulse shape. The components X c ( f ) and X d ( f ) are evaluated using the codeword correlation matrices
A being the translation matrix comprised of the possible output codewords c and P m the joint probability matrix between codewords c i and c iþm ; the superscript T stands for transposition. In this sense, the X c ( f ) and X d ( f ) spectrums can be expressed as
, . . . , e jonTb ] and v* is the transpose conjugate of v; G 1 and G 2 are defined as follows:
The variable weight MPPM transmission technique analysed here uses no memory in the coding process so R 1 ¼ R k ¼ R8k and thus G 2 ¼ 0. This fact leads to significant complexity reduction in the spectral evaluation process, obtaining the following expressions for the continuous and discrete spectrum:
where I is the identity matrix and U is a matrix with each component equal to one, both with dimension K Â K, K ¼ 2 k being the number of codewords included in C N . Fig. 1 Power spectral density for block coding scheme with different code rates Fig. 2 Influence of input data block length on spectral information for coding rate 1=2
Results: Previous expressions of power spectral density have been particularised for several vw-MPPM block codes with different effective coding rates (results shown in Fig. 1 ) where block codes with rates 6=12, 9=36 and 5=40 have been used to obtain effective coding rates of 1=2, 1=4 and 1=8. Gaussian pulse shape with reduced duty cycle of 25% has been used, the spectral behaviour of which provides a smooth decay, in contrast to the spectrum of conventional rectangular pulses. In this sense, it can be noted that discrete lines appear at multiples of slot repetition frequency (1=T b ) independently of the coding rate k=n, unlike the results presented in [4] , where a rectangular shape was employed. This discrete spectrum information, always present as shown, can be very useful for timing extraction purposes. In Fig. 1 the dependence of the spectrum amplitude on the coding rate is also shown, verifying the lower level of the power spectral density as the coding rate is diminished, owing to the decrease in the probability of appearance of pulses, as explained in [6] .
The continuous spectrum presents an oscillating trend depending on the output codeword length n. This behaviour is given by the influence of vector v, the oscillation frequency being higher as n is increased. This fact is detailed in Fig. 2 where several coding rates have been used, providing the same efficient rate of 1=2. It is also noted that oscillations with higher frequency provide more flat spectral information, similar to the original Gaussian pulse spectrum. This may be a desirable characteristic in order to improve the procedure of channel information extraction and thus the adaptability of the coding rate.
Conclusions: Spectral characterisation of the novel block coding method vw-MPPM has been presented. The spectral evaluation has been realised using codeword correlation matrices, obtaining an expression including the continuous and discrete parts of the spectrum. Gaussian pulse shape has been used, presenting discrete lines at every multiple of bit slot repetition frequency independently of the coding rate, desirable for synchronism extraction. Additionally, the existence of an oscillating behaviour has been shown, having a lower relevance as the output codeword length n is increased, and providing a smoother power spectral density.
